The role that meal pattern plays in weight regulation is a popular topic of scientific and common debate. The goal of this study was to evaluate the relationship between meal timing with caloric intake and body mass index (BMI). We hypothesized that latemeal timing and eating closer to sleep onset time would be associated with greater energy intake and higher BMI. Participants included 59 individuals recruited from the community. Rest/activity patterns were assessed using seven days of wrist actigraphy, and caloric intake was evaluated using seven days of diet logs. Results demonstrated that the timing of meals was associated with overall energy intake but not with BMI. In multivariate analyses controlling for age, gender, sleep duration, and timing; eating more frequently, later timing of the last meal, and a shorter duration between last meal and sleep onset predicted higher total caloric intake. In a mediational model, eating frequency explained the relationship between eating closer to sleep onset and total caloric intake. Results suggest that later relative timing of meals, particularly eating close to sleep, could lead to weight gain due to a greater number of eating occasions and higher total daily caloric intake. These findings have important implications for the development of novel, time-based interventions for weight management.
Introduction
The role of meal pattern and timing in weight management is not well understood, with most weight loss interventions focusing primarily on total energy intake and less on timing of meals. However, recent evidence from several animal studies suggest that alterations in the timing of feeding impacts weight gain [1] [2] [3] . Arble and colleagues [1] observed a greater weight gain in mice fed only during the light phase (normal rest period), compared to mice fed only during the dark phase (normal active period). This finding was replicated by Fonken and colleagues [2] who found when mice were kept in constant light, they gained more weight than mice under a light/dark cycle; however, when feeding was restricted to the normal feeding time (biological night), the effects of the constant light were no longer observed. In addition, a more recent study, using a restricted feeding regime with similar caloric intake in mice, suggests that the duration of fasting countered the adverse effects of a high fat diet [3] .
There are few published studies that have examined meal timing specifically in humans, and the majority have only focused on breakfast consumption and regularity of eating [4] . In the few human meal timing studies, [5] [6] [7] [8] the findings are mixed. Obese men had double the energy intake between 10 pm and 4 am than normal weight men (8% vs. 4%) [5] ; and in a more recent study of women, the only difference in meal timing reported between obese and normal weight women was that normal weight women to eat dinner later on the weekends [6] . Night eating or eating the majority of calories either in the evening or after sleep onset is also associated with a higher BMI in obese individuals [9] . These studies highlight the need for additional investigation into the role played by the timing of meals in human weight regulation.
Recent research by our group indicated that eating after 8pm was associated with a higher body mass index (BMI), even after controlling for sleep timing and duration [10] . The goal of the current study is to evaluate the relationship between the timing of meals with caloric intake and BMI while controlling for the timing and duration of sleep. Typical meal timing and caloric intake was determined using seven-day food diaries. We hypothesize that later meal timing and eating closer to sleep onset time will be associated with greater energy intake and higher BMI.
Methods and Materials

Participants
Via advertisements, participants (males and females) were recruited from the community for a larger study of circadian rhythms targeting "healthy sleepers" and "night owls, or larks". The study was approved by the Northwestern University Institutional Review Board, and all participants gave written informed consent prior to enrollment. Exclusionary criteria included elevated depressive symptoms, as indicated by a score of > 20 on the Center for Epidemiologic Studies Depression Scale (CESD) [11] . None of the participants reported employment involving shift work.
Procedure
Participants underwent preliminary screening via telephone or email to determine eligibility and willingness to participate in the study. Once informed consent was obtained, participants were provided with seven days of diet logs, sleep logs, and a wrist actigraph (AW-L Actiwatch, Mini Mitter Co. Inc., Bend, OR), which was worn for at least seven days [12] . In the daily diet logs, the participants were asked to list a description of each food (quantity, preparation, name brand, etc.), as well as the time and location in which the meal or snack was consumed. In the sleep logs, participants were asked to report sleep and wake times, which were used in combination with the actigraphy (Actiware-Sleep 3.4 software) to determine sleep duration and sleep quality [13] .
Measures
Participants were screened for depression with the Center for Epidemiologic StudiesDepression Scale (CES-D); this widely-used 20 item questionnaire reports adequate internal consistency [11] . As based upon self-reported height and weight, BMI was calculated as kg/m 2 . The BMI was calculated in this manner since objective height and weight were not obtained, as theassessments were conducted exclusively via mail and telephone.
Dietary Assessment
Dietary intake was assessed using a diet log in which participants recorded all food and drinks for a seven day period [10] . We asked participants to record the time the food or drink was consumed; type of meal (breakfast, lunch, dinner, or snack); type of food (with brand name, if possible); the location (i.e., home or restaurant) where the meal or snack was consumed; portion size; and whether it was a day they consumed less than a typical diet, more than a typical diet, or a typical diet. Along with the diet logs, participants were provided with two pages of instructions for completing the diet logs. The first page of the instructions indicated for the participants to include portion size (cups, ounces, and pieces), brand, information on the preparation method (e.g. boiled, fried in oil, eaten with refuse), and condiment usage, as well as break up the foods into component parts (e.g. sandwich is two pieces of wheat bread, 2 oz of turkey breast). The second sheet was a portion size guide, and it provided suggestions for how to judge portions without measuring (e.g. the size of a deck of cards, ping pong ball, your fist).
Diet logs were analyzed using publicly available nutrition information (www.sparkpeople.com), as well as restaurant and manufacturer websites. Daily, caloric intakes for each meal and for each entire day were computed and then the mean was computed for the seven day period. Meals were classified as breakfast, lunch, or dinner, based upon the designation the participant indicated in the diet log. Meals listed as "brunch" were considered neither, and included only as meal one (where appropriate) and in the total nutrition analyses for the day, but not as a meal type (breakfast, lunch, dinner, snack), in order to avoid redundancy. Logs were considered valid if there were at least two weekdays and one weekend day completed, in order to provide a representative average of a typical week. Dietary logs were excluded if total calories per day were <500. If participants had fewer than seven days recorded, all of the available data was used; alternatively, if an excess of seven days were completed, the investigators used the first seven consecutive days that best coincided with the actigraphy recordings. Timing of a meal was listed at the start time in the log. In case of skipping meals, meal times and caloric content were only calculated if at least three of that particular meals episode (that day's meal episodes) were consumed. Meal episodes were calculated as foods consumed within a 30 min duration. For example, if a snack was consumed at 1:00 and another at 1:45, the latter would be considered a separate meal. Since an eating occasion designated by the participant as "breakfast" or "dinner" may not have been the first or last meal consumed in a given day, two additional variables were calculated to represent the first ("first meal") and last ("last meal") intake of food or drink (other than water) of each day. In some cases, first and last meal could be the same as a designated meal (i.e. breakfast, lunch, dinner) or a snack. In the case of conflicting data, such as a breakfast time listed prior to a wake time, calorie information was utilized but meal time was omitted.
Sleep Timing and Duration
Sleep timing and duration were assessed using sleep logs and wrist actigraphy. The following variables were determined: sleep start (sleep onset), sleep end (final wake time), and sleep duration (total sleep time). Rest intervals (inclusive of bedtime and wake time) were set by the investigators, using the sleep logs as a guide [13] . Sleep variables were calculated by the Actiware 3.4 software (Philips/Respironics), using default settings. Sleep start was defined as the first ten minute period in which no more than one epoch was scored as mobile. Sleep end was defined as the last ten minute period in which no more than one epoch was scored as immobile (wake threshold set at medium). Sleep duration was defined as the amount of time between sleep start and sleep end. We calculated midpoint of sleep based on the average of the sleep onset and sleep offset for the seven day period.
In all but three participants, sleep logs and actigraphy were conducted during the same seven days as the diet logs. For these three participants, we used actigraphy data from within the same month as the diet logs to calculate sleep times, but we did not calculate relationships between sleep times and meal times since actigraphy was conducted at a different time.
Statistical analyses
Data were analyzed using SPSS (v17.0). The number, mean, and standard deviation for all variables were determined. Univariate analyses were first conducted using Pearson correlations. Significant correlations were followed up by multivariable analyses, controlling for relevant covariates (age, gender, sleep duration, and sleep timing). BMI was not used as a covariate, as it was not significantly associated with sleep, total calories, meal timing, or eating frequency. We also conducted mediation analysis using multiple regression analyses [14] . Statistical significance was determined as <0.05 on two tailed tests.
Results
The characteristics of the participant are listed in Table 1 . Average age of the participants was 31.7 ± 11.8 years, and half of the participants were female. Average BMI was normal at 24.1 ± 4.2 (range 19-35). Average meal times are listed in Table 1 . Average breakfast time was 9:37 AM ± 1:50, and average last meal was 9:02 PM ± 1:47. Last meal was approximately four hours before sleep onset (4:16 ± 1:41). The average number of meals and snacks was 4.5 ± 1.4 (range 2-9).
Correlations between meal timing and caloric intake
Correlations between calories, body mass index, meal timing, meal frequency, and measures of sleep are listed in (Figure 1) . Timing of breakfast, lunch, or dinner was not associated with caloric intake, and meal timing variables were not associated with BMI.
Multivariable Analyses
In multivariable regression analyses, which controlled for age, gender, sleep duration, and sleep timing, the eating frequency (B( 
Discussion
The primary hypothesis for the current study was that later meal timing would be associated with greater energy intake and a higher BMI, independent of sleep timing and duration. Our findings demonstrate that after controlling for demographic factors and sleep, two measures of eating late -eating a later last meal and eating closer to sleep onset -were associated with greater caloric intake. In addition, eating frequency was associated with caloric intake. Interestingly, the timing of the first meal consumed (breakfast/meal one) was not associated with total caloric intake, and none of the meal timing variables examined were associated with BMI.
To date, research on the timing of feeding has primarily focused on early in the day eating patterns [4, 15, 16] . In this study, we examined the timing of all meals, including the meal that participants designated as "breakfast" and/or first meal, and found no association between eating earlier in the day and overall caloric intake or BMI. This lack of association between "breakfast" time and caloric intake may be the result of 85% of the sample consuming breakfast and having this first meal within an average of 85 minutes of waking up. In contrast, eating late and eating closer to sleep onset was associated with a greater daily caloric intake. We also noted that there was considerable variability among participants in the timing of the last meal and how close that meal was to sleep onset. The average last meal was at 09:02 pm but ranged from as early as 05:00 pm to as late as 02:11 am, and was anywhere from 52 minutes to approximately 9 hours prior to sleep onset. The considerable difference in the average duration between sleep end and first meal and last meal and sleep start suggests that the first meal is being eaten at a more appropriate biological time in relation to sleep than the last meal.
Since many of these variables are interrelated, we used meditational analysis to test a theoretical pathway between variables. We found that eating frequency explained the relationship between eating close to sleep onset and higher caloric intake. Perhaps, eating later, provided a longer "window" to eat, and led to more total calories per day. This finding brings up the hotly debated topic of the "optimal" number of meals; many debate on if it is better to consume three "standard" meals or six smaller meals each day [4, 8, 15, 17] . In our sample, eating frequency ranged from as few as two up to as many as nine eating occasions per day. Our results appear to contrast with research that suggests frequency of eating may be beneficial. For example, in experimental weight reduction studies that usually regulate caloric intake, increasing meal frequency may reduce ratings of hunger while still helping participants meet their weight loss goals [18, 19] . However, in individuals who are not regulating caloric intake for weight reduction, such as those in our study and that by Mills and colleagues [8] , increased frequency may lead to increased calories.
In addition to providing a greater opportunity to eat, eating relatively late may have direct effects on metabolism by causing "misalignment" between caloric intake and the internal circadian rhythm. Animal studies have shown that eating during the biological night (light phase in nocturnal animals) is associated with greater weight gain, even with similar calorie consumption [2] . Although biological markers of circadian timing such as melatonin were not measured in this study, our data show that eating closer to sleep onset (i.e. closer to the biological night) was associated with greater caloric intake. Eating later and closer to sleep onset is of particular interest in relation to metabolic dysfunction since insulin response to evening meals is lower, and thus, glucose levels remain high over a longer period of time [20, 21] . This may also be important in relation to meal content since a recent study suggests that greater high-glycaemic calories ingested in the evening compared to the morning leads to an increase in postprandial glucose and insulin response [22] . A recent laboratory study also demonstrated that circadian misalignment further exacerbates the metabolic effects of short sleep duration. In this study, sleep and eating times were scheduled during typical 24-hour periods and then progressively delayed by implementing 28 hour "days". Results demonstrated that there was higher postprandial glucose due to lower insulin response in the misaligned condition [23] . In combination, these studies provide evidence that suggests that eating close to sleep onset (biological night) may increase obesity risk over time.
The findings reported in the literature vary on whether eating late is associated with a higher BMI and whether sleep plays a role in this association. In our sample, late eating and sleep duration, but not sleep timing, were associated with the amount of caloric intake; however, none of these factors were related to BMI. In contrast, a recent study in middle-age, obese Japanese men indicated that a late dinner time (after 9 pm) was associated with short sleep duration and higher BMI [7] . Additionally, a study of middle-age women found no association between eating after 10 pm and BMI [8] , although there was no adjustment for sleep duration in this study. Taken together, these findings suggest that gender, age, and preexisting obesity may be important factors in explaining these inconsistencies. Although we controlled for age, gender, and sleep factors, our results did not show an association between meal timing and BMI. However, our sample is relatively younger and has a lower BMI than in the middle-age studies, and it is possible that higher caloric intake over time may lead to weight gain.
Our study has several limitations. The small sample size may limit our statistical power to observe associations between variables of interest. Also, the current analyses did not control for race or socioeconomic factors. While we did control for gender, we were underpowered to fully evaluate gender differences, which have been shown to have a relationship with both sleep and eating patterns [24] [25] [26] . Participants were recruited for their sleep timing preferences and were not randomly selected. Some of the differences between this and our previous work may be explained by the inclusion in this sample of those with earlier sleep timing. Given the self-report nature of this study, for both dietary assessment and BMI, it should be noted that approximately 30% of participants who complete any type of dietary assessment tend to underreport via forgetfulness, inaccurate measurements, and underreporting [27] . Although respondents tend to overestimate BMI at the lower range and underestimate BMI at the higher range, young and normal weight adults, such as those included in this study, show relatively less bias [28] . Also, since this was an observational study, we could not test the causal nature of the relationship between meal timing and caloric intake.
In conclusion, we were only able to accept our research hypothesis that later meal timing and eating closer to sleep onset time are associated with greater total calories but not BMI. This study also demonstrates that the link between eating closer to sleep onset and total calories may be via eating frequency. These results support the growing body of research demonstrating that the timing of eating is likely to play an important role in weight regulation. Thus, interventions which control the number of meals and/or when the last meal is consumed may potentially enhance the effectiveness of standard weight management programs. Future directions in meal timing research should investigate how the timing of meals can best be aligned with an individual's internal circadian rhythms, as well as the role that gender and age play in these relationships. Strategies aimed at optimizing the timing of meals relative to a person's own internal circadian rhythms represent a novel approach to personalize weight regulation. Mediation Model between last meal to sleep onset, eating frequency, and total calories. Bold= estimate with the mediator in the model. The relationship between last meal to sleep onset and total calories is not significant after controlling for eating frequency. Model includes age, gender, sleep duration, and sleep timing. Table 2 Associations between total calories, body mass index, meal timing, meal frequency, and measures of sleep 
